Abstract Background: As a complex subjective experience, pain processing may be related to functional integration among intrinsic connectivity networks of migraine patients without aura. However, few study focused on the pattern alterations in the intrinsic connectivity networks of migraine patients without aura. Results: Thirty-one migraine patients without aura and 31 age-and education-matched healthy controls participated in this study. After identifying the default mode network, central executive network and salience network as core intrinsic connectivity networks by using independent component analysis, functional connectivity, and effective connectivity during the resting state were used to investigate the abnormalities in intrinsic connectivity network interactions. Migraine patients without aura showed decreased functional connectivity among intrinsic connectivity networks compared with healthy controls. The strength of causal influences from the right frontoinsular cortex to the right anterior cingulate cortex became weaker, and the right frontoinsular cortex to the right medial prefrontal cortex became stronger in migraine patients without aura. Conclusions: These changes suggested that the salience network may play a major role in the pathophysiological features of migraine patients without aura and helped us to synthesize previous findings into an aberrant network dynamical framework.
Background
As a common type of primary headache syndromes, migraine was associated with repeated pain attacks, which may result in deficits of central pain processing. 1, 2 With the help of neuroimaging technology, structural and functional abnormalities in several brain regions were reported in migraine patients. [1] [2] [3] [4] [5] [6] As a complex subjective experience, pain processing in migraine patients may be related to functional integration among intrinsic connectivity networks (ICNs). 5, 7, 8 Previous studies demonstrated that correlated spontaneous fluctuations occur within several spatially distinct and functionally related groups of brain regions consisting of the human brain's ICNs during the resting state. 9 As data-driven analytical method, independent component analysis (ICA) was used to explore these ICNs during the resting state. 10 The most important networks of these stable ICNs were demonstrated as core ICNs, including (1) the default mode network (DMN), which includes the ventromedial prefrontal cortex and posterior cingulate cortex (PCC); (2) the central executive network (CEN), which includes the dorsolateral prefrontal cortex (DLPFC) and posterior parietal cortex (PPC); and (3) the salience network (SN), which includes the anterior cingulate cortex (ACC) and the frontoinsular cortex (FIC). 9 The ICNs expressed close correspondence during the resting state or task-related state, which was associated with cognition, emotion, and pain systematically. 9 It is noteworthy that the right FIC (rFIC) as the key node of SN was revealed to act as the critical and causal hub coordinating with the CEN and the DMN. [11] [12] [13] [14] [15] Consistent with this view, several studies investigated the role of ICNs in migraine patients. [16] [17] [18] The structural and functional abnormalities in the ACC and insula may reveal the abnormalities in the SN. 1, 2, 16, 17, [19] [20] [21] [22] [23] In addition, the abnormalities in the prefrontal cortex (PFC) and PCC as parts of CEN and DMN were also reported. 1, 2, [16] [17] [18] [19] [20] [21] [22] [23] In our previous study, we used ICA with dual-regression technique to identify the voxel-wise group differences of three core ICNs. Compared with the healthy controls, migraine patients without aura (MwoA) showed aberrant intrinsic connectivity within the bilateral CEN and SN and increased connectivity between the DMN and right CEN to the insula. 16 The whole brain voxel-wise contrast results were related to the brain regions with different ''connectivity'' to each ICN in MwoA. Despite the prominent advantages of whole brain voxel-wise contrast method of ICA, it might provide less features of functional interaction of core ICNs simultaneously. 10 However, few studies focused on the pattern alteration of functional integration between the ICNs in MwoA.
Therefore, in the present study, we investigated functional abnormalities within and between the DMN, CEN, and SN in MwoA by using ICA, functional connectivity (FC), and Granger causality analyses (GCA). Due to the critical role of the SN among these ICNs, we hypothesized that the SN might show a critical role in FC pattern in MwoA. The interactions among ICNs may improve our understanding of migraine pathology from a system neuroscience perspective.
Methods Subjects
This study was approved by the Medical Ethics Committee of the First Affiliated Hospital of Baotou Medical College, Inner Mongolia University of Science and Technology, Baotou, China. All participants signed the informed consent after the experimental procedure was fully explained. All MwoA were screened following the International Headache Society criteria. 24 Then, ageand gender-matched healthy controls were enrolled, which neither did not have any sort of headache nor had family members who suffered headache. Inclusion criteria for both groups were no physical illness as assessed according to clinical evaluations and medical records, no pregnancy or menstrual period in female subjects, no addiction or drug abuse, no neurological disease or claustrophobia, and no other type of pain. All of the participants were measured by the Edinburgh Handedness Inventory as right-handed. 25 All subjects underwent urine drug screening to exclude the possibility of substance abuse before the scan. Patients were having a migraine attack neither at least 72 h prior to scanning 26 nor on the day following the scan. At last, 31 MwoA (22 females, aged 22-57 years, mean age, 36.2 AE 10.2 years) and 31 age-and gender-matched healthy controls (22 females, aged 24-55 years, mean age, 36.5 AE 13.1 years) were recruited in our study. Average pain intensity of migraine patients was rated as 5.2 AE 1.7 on a 0-10 visual analog scale from attacks in the past four weeks, with 0 being no pain and 10 being the most intense pain imaginable. Attack frequency in the past four weeks was also rated. The clinical and demographic characteristics of participants are shown in Table 1 .
Data acquisition
All image data were acquired on a 3T Philips scanner (Achieva; Philips Medical Systems, Best, The Netherlands) at the First Affiliated Hospital of Baotou Medical College, Inner Mongolia University of Science and Technology, Baotou, China. The heads of the subjects were restrained with foam pads and positioned carefully with comfortable support. To reduce scanner noise, 2 , data matrix ¼ 64 Â 64, and total volumes ¼ 180). Acquisition order of functional images was interleaved. Subjects were instructed to stay awake and keep their eyes closed, not to think about anything during the entire 6-min functional scan. After the scan, all the participants were asked whether they remained awake during the whole procedure. Two expert radiologists examined the images of all participants to exclude any clinically silent lesions.
Data analysis
The image data during the resting state was preprocessed following the standard data preprocessing strategy as part of the 1000 Functional Connectomes Project (http://www.nitrc.org/projects/fcon_1000), 27 using FMRIB's Software Library (FSL) v5.0.0 (http:// www.fmrib.ox.ac.uk/fsl/) and Automated Functional Neuro-Imaging (AFNI, http://afni.nimh.nih.gov/afni) software. Data preprocessing includes (1) discarding the first five volumes to eliminate nonequilibrium effects of magnetization and allow subjects to get used to the scanning environment; (2) slice timing correction; (3) rigid-body head motion correction (3 displacements and 3 rotations); (4) obliquity transform to the structural image; (5) affine coregistration to the skull-stripped structural image; (6) standard spatial transform to the MNI152 template; (7) spatial smoothing (6 mm full width at half maximum); and (8) intensity normalization to a whole-brain median of 1000. Nuisance regression and bandpass filtering (0.01-0.1 Hz) alone are often insufficient to control head movement-induced noise. Therefore, denoising steps included: (9) time series despiking (wavelet domain); (10) nuisance signal regression including the six motion parameters, their firstorder temporal derivatives, and ventricular cerebrospinal fluid signal (13-parameter regression); and (11) a temporal Fourier filter.
ICA processing. The ICA approach 28 was applied to investigate the ICNs in MwoA and healthy controls in the current study. The preprocessed functional images of all subjects were temporally concatenated to create a single four-dimensional data set for the following analysis. ICA was processed by Multivariate Exploratory Linear Decomposition into Independent Components ICA v3.1 as a part of FSL. The number of independent components was limited as 25 to avoid independent components splitting into subcomponents. The ICNs of interest, including the DMN, bilateral CEN and SN, were selected from these components as the ''best-fit'' network component described in previous studies. 14, 16 Region of interest selection. The key nodes of ICNs were defined based on the peaks of the ICA clusters. The highest z-scores within each cluster in the bilateral FIC and ACC on the SN ICA map ( Figure 1 , the first row), in the bilateral MPFC and PCC on the DMN ICA map ( Figure 1 , the second row), and in the bilateral DLPFC and PPC on the bilateral CEN ICA map ( Figure 1 , the third and fourth rows) were selected as seed points (shown in Table 2 ). The regions of interest (ROIs) of bilateral cerebral hemispheres were constructed by drawing a sphere of 5 mm radius with the seed point as centers. The ROI selection method was widely used in functional and effective connectivity studies.
14,29-31
Functional connectivity analysis. The resting-state time series in each ROI were extracted and averaged. Then, partial correlation was used as the measure of FC between each two of the unilateral ROIs, controlling for the effect of other regions. In consideration of our analysis investigated FC in three ICNs, the partial correlation approach may provide significant advantages over the pure correlation approach.
32 A Fisher's r-to-z transform was applied to account for the nonnormality of partial correlations.
Multivariate GCA. By using REST-GCA as a part of the Resting-State fMRI Data Analysis Toolkit (REST, by Song Xiao-Wei et al., http://www.restfmri.net), ROIwised multivariate coefficients' GCA were evaluated among hemisphere ICNs. If the signed-path coefficient is significantly larger or smaller than zero, a time series can be defined as a significant Granger cause to another time series. As the signed-path coefficients are considered to fit normal distribution, t test was used for group-level inference. 33 One-sample t test and two-sample t test (both p < 0.05) with bootstrap resampling (1000 iterations) were analyzed for both functional and effective connectivity by using PASW Statistics Version 18.0 (Formerly SPSS Statistics, SPSS Inc., Chicago, IL). The bootstrap resampling is a method for deriving robust estimates of standard errors, confidence intervals, and hypothesis tests, which may be an appropriate way to control and check the stability of the results.
At last, a series of Pearson's correlation analyses were performed to examine the significant correlation (p < 0.05) of the functional and effective connectivity to pain intensity, attack frequency, and duration of migraine. 
Results

Comparison of FC
Comparison of effective connectivity
Multivariate GCA was used to investigate causal interactions among the six network nodes in each hemisphere. Consistent with previous studies, 11,14 the rFIC showed significant direct causal influences to the right ACC, DLPFC, MPFC, and PCC (the first row of Figure 3 ). In MwoA, the rFIC similarly showed significant direct causal influences to the right ACC and the MPFC (the second row of Figure 3 ). Group differences analysis revealed that the strength of causal influences from the rFIC to the right ACC was significantly decreased (for bootstrap resampling p ¼ 0.040) in MwoA compared with healthy controls, and the strength of causal influences from the rFIC to the right DLPFC was significantly increased (for bootstrap resampling p ¼ 0.012; the third row of Figure 3 ). In detail, the strength of causal influences from the rFIC to the right ACC was 0.141 AE 0.163 in healthy controls and 0.068 AE 0.125 in MwoA. The strength of causal influences from the rFIC to the right DLPFC was À0.080 AE 0.129 in healthy controls and À0.002 AE 0.113 in MwoA. In the left hemisphere, only the strength of causal influences from the left PFC to the left PPC was significantly increased (for bootstrap resampling p ¼ 0.049) in MwoA compared with healthy controls. In detail, the strength of causal influences from the left PFC to the left PPC was À0.088 AE 0.138 in healthy controls and À0.019 AE 0.125 in MwoA. The left FIC is not as the rFIC as a driver of network dynamics in accordance with a previous study. 11 
Correlation analysis
Correlation analysis results demonstrated that there were significant negative correlations between the FC values of the right ACC-PCC and average pain intensity in MwoA (r ¼ À0.4617, p ¼ 0.0089; Figure 4(a) ). Moreover, the negative correlations were also found in MwoA between the decreased strength of causal influences from the rFIC to the right ACC and duration of migraine (r ¼ À0.3876, p ¼ 0.0312; Figure 4(b) ) and between the increased strength of causal influences from the rFIC to the right DLPFC and attack frequency (r ¼ À0.3701, p ¼ 0.0404; Figure 4 (c)).
Discussion
Frequent migraine attacks may be associated with functional abnormalities in several brain regions, which were mainly involved in pain processing. 1, 2, 4, 34 As the SN impacts the DMN and CEN, efficient pain regulation may rely on the cooperation between core brain networks. [12] [13] [14] 35 In the present study, we combined functional and effective connectivity to test functional changes within and between core ICNs. Compared with healthy controls, MwoA showed decreased FC of the right ACC-PFC, the right ACC-PCC, the left insula-PFC, and the left PFC-PPC (Figure 2 ). Similar to previous studies, the rFIC was identified as a causal outflow hub. 11, 12, 14 The strength of causal influences from the rFIC to the right ACC became weaker, and to the right DLPFC became stronger in MwoA (Figure 3) . In addition, correlation analysis results revealed that the FC of the right ACC-PCC, the strength of causal influences from the rFIC to the right ACC and from the rFIC to the right DLPFC were correlated with clinical parameters in MwoA.
In the present study, decreased FC was shown between the right ACC and the PFC as well as the PCC in MwoA compared with healthy controls. Previous studies provided converging evidence that the FIC and ACC, as the key nodes of the SN, responded to the degree of subjective salience and was related with detecting, integrating, and filtering relevant interoceptive, autonomic, and emotional information. 11, 35 In task condition, the SN may initiate control signals that activate the CEN and deactivate the DMN.
11
In particular, the rFIC played a critical role with higher causal outflow in the interoceptive awareness of stimulus information processing in homeostatic states, such as pain, empathy, and disgust. 35 Moreover, the FIC and the ACC were commonly reported in structural 4 and functional studies 1, 2, 4, 20, 26, 36 of migraine, which were mainly involved in pain-related processing. 4 The ACC was involved in the affective responses of pain and endogenous pain control. 4, 16, 20, 21, 34 The insula was discovered as a main area of pain integration and response to stimuli. 1, 2, 16, 17, [19] [20] [21] The SN is associated with both physical pain and empathy for pain, along with information integration about an impending stimulation to perceptual decision-making in the context of pain. 37 It is noteworthy that Aderjan et al. 36 used a 20-min trigeminal pain paradigm to stimulate both healthy controls and MwoA daily in three months. The fMRI result revealed that the ACC showed completely opposite behavior in MwoA compared with healthy controls, nevertheless, their behavioral pain ratings were not different. In more detail, the activation in the ACC increased in healthy control subjects, whereas it decreased in migraine patients. 36 The opposite behavior of the ACC during the long-term stimulation revealed the alteration of pain inhibitory circuits, which may be associated with the abnormal interaction from the rFIC to the ACC in the SN during the resting state. Present findings reveal that the dynamical framework of the SN, in particular the ACC, is dysfunctional in MwoA. Moreover, significant negative correlations were found between the FC of the right ACC-PCC and average pain intensity, which showed negatively higher ACC-PCC FC reported stronger average pain intensity. The FC of the right ACC-PCC was only significant in healthy controls (À0.122 AE 0.177) and not found in MwoA (À0.003 AE 0.166) (Figure 2 ). The negative correlations between FC and pain intensity were also reported in several previous migraine studies. 36, 38, 39 It may suggest that the FC of right ACC-PCC is associated with complex subjective experience of pain in MwoA.
On the other hand, the rFIC may enable to initiate control signals in task-related information processing to engage the ACC and the CEN. 11, 35 Previous studies revealed that if the ACC is dysfunctional, the FIC may trigger alternate control mechanisms via the CEN to maintain the balance of cognitive, homeostatic, and affective systems. 11, 35 In our result, increased causal influences from the rFIC to the right DLPFC may be a kind of compensation to the dysfunctional ACC with decreased causal influence from the rFIC to the right ACC. It also may reveal that this compensation was involved with the normal pain ratings and less behavioral abnormality in MwoA. 36 Moreover, correlation analysis results demonstrated that there were significant negative correlation between the decreased strength of causal influences from the rFIC to the right ACC and duration of migraine. It may suggest that migraine has accumulated effects on the strength of causal influences from the rFIC to the right ACC. Significant negative correlations were also found between increased strength of causal influences from the rFIC to the right DLPFC and attack frequency, which may suggest that attack frequency influenced the strength of causal influences from the rFIC to the right DLPFC. Our results suggested that the changes of effective connectivity might be related with the characteristic of migraine, which may help to synthesize previous findings in MwoA into an aberrant network dynamical framework of ICNs.
Limitation
The study is limited in the cross-sectional design and not possible to infer causality of the relationships between migraine attack and aberrant interaction of the ICNs. The relationships might be bidirectional and related to some latent variables. Further longitudinal studies would be required to improve the understanding of it. Another limitation was that functional and effective connectivity analysis were evaluated only in each hemisphere. To fully understand the changes of interactions among brain regions in MwoA, more complicated analysis of interhemispheric interactions in functional and effective connectivity should be studied further. As a data-driven method, GCA was widely applied to time series to detect causal inferences, especially to blood-oxygen level dependent signals of fMRI to investigate effective connectivity between brain areas, which may be a key challenge for neuroscience and shed light on how the brain works. [40] [41] [42] However, the application of GCA to fMRI data was particularly controversial, since Granger causal inferences might be easily confounded by interregional differences in the hemodynamic response function. 43 Although the limitation exists, our findings were, at least partially, acceptable for the relationship between the brain core networks interaction in MwoA.
Conclusions
In the current study, we investigated functional interaction of the ICNs in MwoA. The SN in MwoA showed abnormal functional and effective connectivity in it and with the DMN and the CEN. These changes may suggest the SN play a major role in the pathophysiological features of MwoA and help us to synthesize previous findings into an aberrant network dynamical framework. However, a more comprehensive experimental design is needed to investigate the accurate roles of the interaction among these ICNs. We hope that our findings might improve the understanding of migraine mechanisms and provide potential diagnostic information in migraine patients.
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